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a b s t r a c t

The analysis of conformational transitions provides important information on the mode of action of pro-
teins. Amide hydrogen exchange mass spectrometry (HX-MS) allows to detect conformational changes
and to resolve the kinetics if the transition occurs in the accessible time domain. However, manual data
analysis of HX-MS experiments is tedious, especially for large proteins, and therefore, analysis is usually
restricted to a subset of the information available from the mass spectra. In response to this problem,
several software tools, including HeXicon from our group, have recently been presented, aiming to auto-
mate data analysis of HX-MS experiments and to extract all accessible information. Bimodal isotope
distributions as arising from EX1 exchange mechanisms or different coexisting conformations in a pro-
utomated data analysis
oexisting conformation

tein are of specific interest, because they report on the kinetics of conformational changes. However, they
also provide an even greater challenge for automated data analysis. In this study, we tuned HeXicon in
order to search specifically for bimodal isotope distributions in large datasets. We applied the modified
program to a dataset from the Escherichia coli Hsp90 homologue HtpG and compared the results with
manual data analysis. All seven manually found bimodal cases were detected as bimodal by HeXicon. In
addition, HeXicon also located nine previously unknown bimodal distributions, illustrating the benefit

sing.
of automated data proces

. Introduction

Most proteins are intrinsically dynamic under physiological
onditions continuously opening and closing many hydrogen bonds
f their secondary structure elements. This flexibility of proteins
s considered to be essential for their biological function such as
nzymatic activity and allosteric regulation [1]. Hydrogen exchange
ollowed by mass spectrometry (HX-MS) is an established, pow-
rful method that enables the analysis of structural dynamics of
roteins [2–4]. Since amide protons involved in hydrogen bonds
r buried in the interior do not exchange, HX-MS reports on the
olding–unfolding dynamics of secondary structure elements as
ell as entire domains.
To localize fast and slow exchanging regions within a protein,
amples are digested by a protease after the exchange reaction
nder low pH quench conditions. Pepsin, which is generally used for
roteolytic digestion due to its activity at low pH, has low sequence
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specificity and generates many overlapping peptides. For larger
proteins the number of generated fragments that are then analyzed
by liquid chromatography mass spectrometry (LC–MS) is immense
and manual data analysis becomes very time consuming. In general,
a minimum number of peptides that cover the protein sequence
sufficiently are analyzed by determination of the centroid. There-
fore, in many cases a lot of information contained in the spectra
remains unused. As a consequence, a number of different semi-
automatic software tools or programs for processing HX-MS data
have been devised including HX-Express [5], The Deuterator [6,7]
and Hydra [8].

A major benefit of HX-MS approaches is their ability to detect
coexisting populations of a single protein, which exhibit differ-
ent exchange behaviors. Such different populations can arise from
slow local unfolding due to intrinsic protein instability or from
induced conformational changes that are slow compared to the

exchange reaction kinetics. In HX-MS experiments, two coexist-
ing populations with different exchange kinetics are characterized
by a bimodal peak distribution within the isotope cluster.

However, the current general approach for automated exchange
rate determination is based on the detection and tracing of the

dx.doi.org/10.1016/j.ijms.2010.08.025
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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Fig. 1. Comparison of HeXicon results and manual analysis of a previously found peptide with a bimodal isotope distribution. (a) Experimental design of the pulse-labeling
reaction. The HtpG protein was equilibrated at pH 7.5 and 30 ◦C. ATP was added and the reaction incubated at 30 ◦C for 0–300 s. Then the reaction was diluted into D2O and
incubated for 10 s at 30 ◦C. The reaction was subsequently quenched by addition of the low pH phosphate buffer and analyzed by LC–ESI-MS as described previously [15]. (b)
Selected mass spectra for the peptide residues 20–31 in H2O, 10 s D2O in the absence of ATP (0) and 10–300 s pre-incubated in the presence of ATP before pulse-labeling in
D2O for 10 s. (c) Normalized deuteration distribution for the different pre-incubation times as evaluated by HeXicon (spectrum limits for HeXicon were set to 490–510 in m/z,
unlimited in retention time dimension). (d) Analysis of the kinetics shown in (c). The abundance of deuteron incorporations indicated by the gray bar in (c) relative to the
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ine is a single exponential fit to the data. (e) Analysis of the width of the isotope dis
t 20% and 50% maximal peak intensity is shown.

entroid of a protein’s peptides over all incubation times for
hich measurements are available. Centroid-based deuteration

evel determination reduces the deuteration distribution for each
ncubation time to a single point measurement. Consequently, all
nformation contained in the deuteration distribution is lost. To
ecover the information on bimodal isotope distributions, width of
he isotope distribution was proposed as an estimate of the half-
ife of the conformational change and the number of hydrogens
nvolved [9].

We recently proposed HeXicon [10] as a tool for automated
euteration distribution estimation at increased sequence cov-
rage. HeXicon is based on an LC–MS extension of the NITPICK
lgorithm [11]. It extracts quantitative LC–MS features for each
xperiment, finds correspondences across different D2O incuba-
ion times, estimates the associated deuteration distributions and
erives deuteron incorporation rates. The estimation of the deuter-
tion distribution as compared to the estimation of the centroid
as the advantage of preserving the information on bimodality of

sotope distributions.

In this study, we exploit HeXicon’s feature extraction abil-

ties to specifically search a large HX-MS dataset for peptides
ith a bimodal isotope distribution. As sample data we used the

C–MS measurements of pulse-labeling HX-MS experiments with
scherichia coli HtpG, a protein that belongs to the family of 90 kDa
w exchanging state (% tensed), is plotted versus the pre-incubation time. The solid
ion according to a previously published procedure [9]. The width of the distribution

heat shock proteins [12]. Upon addition of ATP HtpG undergoes
a two-step conformational change into a highly protected state.
The first step with a half-life of 3 ms occurs too fast for HX-MS
experiments as performed in this study [compare 13], but the sec-
ond step with a half-life of approximately 120 s is accessible to HX
analysis [12]. Manual data analysis was restricted to peptides pre-
viously identified by an MS/MS experiment and MASCOT search
and yielded 7 peptides with a bimodal distribution. The aim of this
study was to screen the entire dataset for additional peptides with
a bimodal isotope distribution and to specifically identify these
peptides by subsequent MS/MS analysis.

2. Experimental approach

The data analyzed in this study differs significantly from HX
experiments in the EX1 regime. Fig. 1a shows the experimental
scheme. ATP was added to HtpG and pre-incubated for 0–300 s
at 30 ◦C before the reaction was diluted into D2O and incubated
for exactly 10 s for pulse-labeling of the protein. Subsequently, the

reaction was quenched by the addition of a low pH phosphate buffer
and analyzed by LC–MS as described previously [14,15]. As bind-
ing of ATP induces the transition of HtpG from the relaxed state
with high flexibility and rapid deuteron incorporation to the tensed
state with low flexibility and slow deuteron incorporation, isotope
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eak distributions migrate to lower m/z values with increasing pre-
ncubation time in the presence of ATP (Fig. 1b).

HeXicon automates the estimate of the deuteration distribution
or the complete HX-MS dataset with strong sensitivity and bal-
nced specificity. However, it is subject to a few limitations that
otivated us to introduce further improvement on its workflow.
Firstly, HeXicon does not have a built-in LC–MS alignment

odule and often fails to establish the correct inter-sample cor-
espondences when the raw data exhibit severe retention time
ffsets. We used Parametric Time Warping (PTW) [16], a popular
lgorithm for chromatogram alignment, to align the total ion chro-
atograms of all samples to the reference ATP-free sample. Publicly

vailable R package ptw was used on TICs, extracted from the raw
ata by the Analyst software suite. The retention time values of the
aw data in mzXML format were updated before being processed
y HeXicon. In principle, any algorithm for sample alignment can
e used, and in future we hope to be able to provide an alignment
odule directly in HeXicon [17].
Secondly, HeXicon was originally developed for continuous-

abeling time course experiments (individual samples differ by
2O incubation time) and accordingly assumes monotonic increase
f deuteron incorporation. However, this assumption is violated
n our experiment setup since some peptides exhibit decreasing
euteron incorporation with increasing ATP incubation times. To
vercome this limitation, one could process the samples with HeX-
con in a pairwise manner such that samples incubated in the
resence of ATP are compared only with the reference sample.
he resulting deuteration distributions for all time points could
e combined for each peptide identified by MS/MS or found by
he coverage extension procedure. An alternative approach is to
ntroduce the samples into HeXicon with the deuteration time
arameter modified in such a way, that the time labels sequence is
eversed while keeping the time interval constant. In this approach
he deuteron incorporation behavior complies with the assump-
ion of HeXicon. We tried both approaches and found that although
he results are the same for very abundant peptides, the second
pproach is more robust for peptides with other high intensity pep-
ides in the vicinity, where peaks found in other samples could help
orrect the peptide assignment.

Thirdly, we adapted the early stopping criterion used in the NIT-
ICK algorithm to prevent under-fitting in case when the observed
ignal consists of numerous overlapping and correlated basis func-
ions (separate peptide signals). In the previous version of HeXicon,
he run-time was decreased by making the algorithm opt for the
arly break from the LARS regression iterations, when the corre-
ation between the next basis function to add and the functions
lready in the list was larger than a given threshold. While this
id not present problems in the regular NITPICK use case, HeXi-
on results sometimes suffered from under-fitting, as not all the
ecessary basis functions were considered. This limitation became
specially clear during the analysis of bimodal peptide distribu-
ions, as their spectra present an even more complex mixture of
ossibly correlated basis functions. We introduced an additional
heck on the minimum of the Bayesian Information Criterion and
he possibility for the algorithm flow to go back to the LARS iter-
tions if the minimum was not deep enough. This modification is
eneficial for all HeXicon use cases and is now part of the HeXicon
ackage available on our website.

The last significant modification was concerned with the pep-
ide quality score estimation. The final processing step of HeXicon
anks the peptides found in the previous steps with the help of a

andom forest classifier. However, some of the features used for
lassification, such as, for example, the variance of the deutera-
ion distribution, are not applicable for the bimodal distribution
earch. Moreover, since in this limited case we are only interested
n the peptides whose distributions follow a certain pattern, a rank-
ss Spectrometry 302 (2011) 125–131 127

ing of all found peptides is not needed and can be replaced by a
post-processing filtering procedure, tuned to the bimodal pattern
of interest. The procedure checks at the deuteration distributions
of peptides across all samples. It selects the peptides, for which
at least for some samples a “2 (local) maxima/2–3 minima” or “1
maximum/2 minima” pattern is observed and several such sam-
ples share a maximum position, while at least one other has a
different maximum. Sensitivity of the procedure is controlled by
the minimal number of samples with the same maximum, after
which the distribution is considered bimodal. HeXicon now pro-
vides the necessary option to export also the “low-quality” results,
and the Matlab scripts, which we used for the subsequent filtering
and plotting, are available on our website.

The data processing consisted of two parts: a large scale screen-
ing procedure, where all the samples were processed by HeXicon
at the same time, and targeted peptide quantification, where HeX-
icon was applied on a restricted m/z and retention time range for
selected peptides of interest. All data used in this study was col-
lected on a QSTAR Pulsar mass spectrometer. The analyst .wiff files
were converted to mzXML format by mzWiff tool [18], and no fur-
ther pre-processing such as smoothing was applied.

3. Results and discussion

3.1. Proof of principle

To test the performance of the modified HeXicon algorithm we
first restricted the search to m/z values known to represent peptides
with bimodal isotope distributions. All seven previously known
peptides were identified. Four of these show deuteration distri-
butions that fit well to two Gaussian peaks with the maximum of
the earlier time points (red colors) at higher deuteron numbers than
the maximum of later time points (blue colors) as expected (Fig. 1c,
suppl. Fig. 1b and data not shown). Thereby, in some cases the dis-
tribution of the hydrogen exchange in the absence of ATP (0 s time
point) is shifted to higher deuteron numbers as compared to the
distribution of the 10 s time point, indicating the fast phase of the
conformational change that cannot be analyzed with our HX-MS
setup (Fig. 2b and suppl. Fig. 1b). For three peptides the deutera-
tion distribution is not Gaussian shaped but a separation between
earlier and later time points is visible (Fig. 2, suppl. Fig. 2 and data
not shown). Tuning HeXicon parameters did not lead to more reg-
ular shaped deuteration distributions for these peptides, but the
separation between fast and slow exchange behaviors was present
for all HeXicon parameter settings.

Close inspection of the spectra for which HeXicon did not yield
clearly separate Gaussian distributions reveals that these spectra
are either of low intensity with poor signal to noise ratios (suppl.
Fig. 2a) or contain an equally spaced isotope cluster originating
from a different peptide which disturbed the determination of
the deuteration distribution (Fig. 2a). These isotope clusters were
clearly separated for the undeuterated peptides but merged after
deuteration.

3.2. Analysis of a full dataset

After verifying that the adapted HeXicon was able to detect
bimodal isotope distributions we applied the program to the entire
dataset with very sensitive post-processing filter settings to avoid
missing interesting peptides. The filter produced a plot for a pep-

tide, if in more than two samples the deuteration distributions had
the same maximum and at least one more had a different maxi-
mum. It only considered distributions following the pattern of “2
(local) maxima/2–3 minima” or “1 maximum/2 minima”. Such a
sensitive setting led to a certain amount of false-positive results,
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Fig. 2. Analysis of a result with non-Gaussian deuteration distribution modes. (a) Selected mass spectra for the peptide residues 89–98 in H2O, 10 s D2O in the absence of
ATP (0) and 10–300 s pre-incubated in the presence of ATP before pulse-labeling in D2O for 10 s. (b) Normalized deuteration distribution for the different pre-incubation
times as evaluated by HeXicon (spectrum limits for HeXicon were set to 520–540 in m/z, unlimited in retention time dimension). (c) Analysis of the kinetics shown in (b).
The abundance of deuteron incorporations indicated by the gray bar in (b) relative to the total distribution is plotted versus the pre-incubation time. The solid line is a single
exponential fit to the data. (d) Analysis of the width of the isotope distribution according to a previously published procedure [9]. The width of the distribution at 20% and
50% maximal peak intensity is shown. A color version of the figure is found in supplemental material.

Fig. 3. Sequence coverage of peptic peptides of HtpG. The amino acid sequence of E. coli HtpG is shown with the secondary structure elements as found in the crystal
structure of nucleotide-free HtpG (PDB entry code 2IOQ; [22]) above the sequence (dashed lines are not resolved in the crystal structure). The dashed and dotted lines below
the sequence indicate the peptic peptides that were analyzed previously [12]. Dotted lines indicate previously known peptides with bimodal distribution. Black solid lines
indicate the additional peptides found in this study by HeXicon and verified manually to be correct. All peptides were identified by tandem mass spectrometry.
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re-incubation time. The solid line is a single exponential fit to the data minus the fir
ublished procedure [9]. The width of the distribution at 20% and 50% maximal pea

hich were discarded by manual inspection of the produced dis-
ribution plots. Examples of the inspected plots can be seen in the
gures of this contribution (Fig. 1c and similar). HeXicon identified
7 additional, previously unidentified peptides with deuteration
istribution that suggests two populations with distinct exchange
inetics. Nine of these peptides were verified to exhibit ATP-
re-incubation-time-dependent bimodal isotope distributions. For
ight of these peptides the identity was determined by a follow-up
S/MS analysis with their monoisotopic masses in the inclusion

ist (Fig. 3). Three of the eight peptides were instances of known
pecies at previously unobserved charge states. As expected, the
euteration distributions determined by HeXicon for the same pep-
ide sequence at different charge states are highly similar (compare
ig. 1 and suppl. Figs. 3–5). The remaining five peptides overlap
ith the previously identified peptides (Fig. 3). In particular, one

f them represented a rather short sub-sequence (residues 13–18)
f a known longer peptide (residues 1–19) (Fig. 4). This peptide
hows one amide hydrogen that becomes completely protected in
he dead-time of the experiments (see differences between 0 s ATP
nd 10 s ATP in Fig. 4a and b) and a second amide hydrogen that
s protected in about half of the peptide population after 10 s and
ecomes protected in the rest of the population during the follow-

ng 300 s pre-incubation time in ATP. The last exchanging amide
ydrogen of this peptide also becomes increasingly protected dur-

ng the pre-incubation in ATP and the population of peptides, which
as not exchanged any amide hydrogens, increases with time to
bout 30% of the total population. The transition between 10 and

00 s is close to the smallest change in deuteron incorporation pos-
ible and was detected nicely by HeXicon software.

Identifying the peptide residues 13–18 allowed us also to bet-
er understand the mechanism of N-terminal dimerization of HtpG.
his peptide encompasses a region in HtpG that forms a small �-
point. (d) Analysis of the width of the isotope distribution according to a previously
nsity is shown. A color version of the figure is found in supplemental material.

helix in the homologous yeast Hsp82, which was crystallized in
complex with AMPPNP and the cochaperone Sba1 (suppl. Fig. 6).
We previously assumed that this �-helix becomes stabilized in
the Hsp82 structure upon docking of the two N-terminal domains
and by interaction with the cochaperone Sba1. The data for the
HtpG peptide identified by HeXicon clearly show that most of the
stabilization occurs in the dead-time of the experiment, which
is considerably before N-terminal docking as determined previ-
ously by fluorescence measurements [12]. The stabilization of this
�-helix may even be a prerequisite for the docking. This will be
explored in a future mutagenesis study.

To extract the half-life of the conformational change the normal-
ized relative abundance of the part of the deuteration distribution
corresponding to the low exchanging population (indicated by the
gray horizontal bar in Figs. 1c, 2b, 4b, and suppl. Figs. 1b–5b)
was summed and plotted against the pre-incubation time in ATP
(Figs. 1d, 2c, 4c and suppl. Figs). Single exponential functions were
fitted to the data. Thereby the first data point (deuteration in the
absence of ATP) was omitted for peptides that show a strong change
in deuteration within the dead-time of the experiment due to the
fast first step of the transition.

For the cases with two clearly separated Gaussian peaks (Fig. 1c
and suppl. Figs. 1, 3–5) the range to be summed up for the deter-
mination of the kinetics should obviously encompass one of the
two peaks, which are indicated by the cross-over point of the
deuteration distributions. For cases with no clear separation of the
deuteration distribution into Gaussian peaks it is less clear, which

range should be summed up for the analysis. Therefore, we tested
how the summation range affects the calculated rate constants in
the analysis (suppl. Fig. 7 and data not shown). Interestingly, the
summation range did not severely affect the determined rate con-
stant except for the smallest range.
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b) for the peptide with mass 960.002+. A color version of the figure is found in supp

This approach is not only suitable for pulse-labeling exper-
ments, for which bimodal isotope distributions indicate the
oexistence of alternative conformations and allows the deter-
ination of the interconversion rate between the alternative

onformations. It could also be used for continuous-labeling exper-
ments to distinguish EX1 and EX2 exchange mechanisms. The
esults for EX1 regimes would look reverse as compared to our
esults, since the bimodal distribution of the isotope peaks in EX1
xchange is characterized by the appearance of high exchanged
pecies, while in our pulse-labeling experiments low exchanged
pecies are observed after increasing pre-incubation time in the
resence of ATP. The cause for EX1 behavior in continuous-labeling
xchange experiments is either reversible local or global unfold-
ng with refolding rates much smaller than the intrinsic chemical
xchange rates or irreversible local or global unfolding [14,19–21].
ore difficult would be the analysis of a mixed EX1–EX2 exchange

ehavior. In such an exchange regime the distribution of the iso-
ope peaks would be bimodal with changing ratios between low
nd high exchanged species and concomitant shift of one or both
axima of the bimodal distribution to higher m/z values. While
eXicon should be able to find the correct deuteration distribution,

he subsequent analysis of the kinetics would require an adaptation
f the summation range to the shifting deuteration distribution.
his should not be a problem when the deuteration distribution
xhibits two clear Gaussian peaks since the summation range could

e oriented relative to the peak maxima. In other cases one could
um a fixed range of the deuteration scale starting with the lowest
etected number of incorporated deuterons.

In addition to our HeXicon analysis, we analyzed the width of the
sotope peak distribution as proposed by Weis and coauthors using
was run without limits in either m/z or retention time). (c) and (d) same as (a) and
ntal material.

the HX-Express software tool [5,9] (Figs. 1e, 2d, 4d and suppl. Figs).
For most peptides the half-lives determined by fitting the HeXicon
data coincide reasonably well with those estimated by the width
of the isotope distributions.

3.3. Analysis of false-positive candidates

Some of the peptides suggested by HeXicon do not really exhibit
a bimodal exchange behavior (see Fig. 5). The reason for these false-
positive results is in most cases a second peptide with a close
monoisotopic mass co-eluting with the peptide of interest. For
example, as shown in Fig. 5a, the isotope profiles of peptides at
m/z 526.30 and 528.34 overlap for D2O and ATP incubated sam-
ples, misleading HeXicon to incorrectly assign all observed peaks
to the same peptide. The seemingly bimodal distribution is then just
a sum of the deuteration distributions of two individual peptides.
Another example of this behavior is demonstrated in Fig. 5c and
d, where a co-eluting peptide of a lower mass interferes with the
isotope distribution of the peptide at m/z 960.00, and again causes
HeXicon to find a false-positive bimodal isotope distribution. The
underlying cause for such incorrect assignments is the fairly large
m/z error tolerance of 0.1 Da used by HeXicon when establishing
correspondences between the peptides in the reference sample
and their possible deuterated forms in other samples. Based on
our experience with other, non-HX experiments, we anticipate

that this will be considerably less of a problem with experiments
that are performed on a higher resolution instrument. As the mea-
sured signal peaks become narrower, the isotope distributions of
neighboring peptides will no longer overlap, unless it’s a perfect
overlap of the same peptide in different deuteration states. We
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ould then lower the tolerance for m/z deviations between the
upposed signals from the same peptide across different samples
currently, a difference of up to 0.1 Da is considered acceptable)
nd thus improve the accuracy of the peptide matching across
he samples.

Other examples for false-positive assignments of bimodal
xchange behaviors could result from carry-over contaminations.
uch samples would exhibit bimodal isotope distribution with
eemingly unexchanged species appearing. Since in these cases
he bimodal distributions are real, the problem cannot be solved
y mass spectrometer or analysis software but only by improv-

ng the HPLC conditions, for example by introducing a run without
njection in between two analysis runs. HeXicon could help to
etect such problems since the amplitude of the appearing unex-
hanged fraction should not depend on the incubation times or
onditions.

. Conclusions

In summary it can be stated that HeXicon is very suitable
or detecting bimodal isotope distributions. False positives gener-
lly originate from co-eluting peptides with similar m/z causing
erging isotope distributions after deuteration. A poor signal

o noise ratio may also contribute to erroneous estimation of
imodal deuteration distributions. While the first problem will be
educed in instruments with higher resolution, the second requires
mproved sensitivity or modified sample handling. The ability of
eXicon to automatically extract peptides with a bimodal isotope
istribution may lead to a reversal of the workflow. Instead of first
stablishing the sequence coverage by MS/MS experiments, one
ould first perform an HX experiment, screen the data with HeXi-
on searching for specific features, and subsequently identify only
he peptides of interest to the researcher by a targeted inclusion
ist MS/MS experiment. Such an approach would be particularly
dvantageous for very large proteins or a complex of several pro-
eins.
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